The purpose of this study was to identify essential genes involved in myocardial growth and remodeling following myocardial infarction (MI). Left ventricular non-infarcted tissues from six mice subjected to MI under general anesthesia and from six sham operated mice were obtained one week after primary surgery, and analyzed by means of cDNA filter arrays. Out of a total of 1176 genes, 641 were consistently expressed, twenty-three were upregulated and thirteen downregulated. Five genes were only expressed following MI. Syndecan-3, a transmembranous heparan sulphate proteoglycan, was found to be upregulated together with a transcriptional activator of syndecans, Wilms tumor protein 1 (WT-1). Northern blotting demonstrated a significant upregulation of syndecan 1-4, WT-1, fibronectin and basic fibroblast growth factor (FGF) receptor 1. Furthermore, Western blot analysis showed statistically significant increases in protein levels for syndecan-3 and -4. In conclusion, we have identified a subset of genes with increased expression in non-infarcted left ventricular tissue following MI, including syndecan 1-4, WT-1, fibronectin, collagen 6A and FGF receptor 1. Since the syndecans link the cytoskeleton to the extracellular matrix and function as required coreceptors for FGF, we suggest a role for the syndecans in cardiac remodeling following MI.
INTRODUCTION
Cardiac remodeling following myocardial infarction (MI) is known to be associated with myocyte hypertrophy, collagen deposition and gradually increasing chronic left ventricular dilatation (3) . With time a vicious circle is established in which cellular and molecular changes are themselves perpetuated by the remodeling process. Therefore, understanding the mechanisms involved in the initiation of cardiac remodeling is of particular interest with regard to developing efficient therapeutic strategies for the treatment of heart failure. At present these mechanisms are not fully understood.
The signaling pathways that initiate growth and remodeling have become a focus of great interest. Elucidating these is thought to lead to the development of substances specifically aimed at preventing the development of pathological remodeling. Mechanical stimuli, circulating hormones, as well as autocrine and paracrine factors are possibly involved in initiating myocardial growth. Transduction of mechanical stimuli may involve molecules that bind extracellular matrix molecules to the cytoskeleton, but the specific molecules involved in mechanotransduction have not yet been identified. Moreover, autocrine and paracrine factors, as well as intracellular signal regulators involved in initiating cardiac remodeling are only beginning to be unravelled.
The aim of our study was to identify essential genes involved in the early phase of cardiac remodeling. We (11) and others (10) have previously shown development of cardiac hypertrophy already one week after induction of MI in the mouse. In the present study the gene expression in non-infarcted left ventricular tissue from mice one week after MI was compared to data obtained from sham operated mice. A cDNA filter hybridization array containing 1176 genes, representing a wide variety of signaling molecules was used. Differentially expressed genes were confirmed by Northern blotting. Our study demonstrates differential expression of a large number of PG-00144-2002 .R2 4 extracellular matrix associated genes, and resulted in the identification of a subset of genes, including syndecan 1-4, WT-1, fibronectin, collagen 6A and FGF receptor 1. Western blot analysis showed increased protein levels of syndecan-3 and -4. Since the syndecans link the cytoskeleton to the extracellular matrix and function as required co-receptors for FGF, we suggest that they are involved in initiating cardiac remodeling. PG-00144-2002 
METHODS
Animal model. We used 5-6 week old male Balb/C mice. Surgical procedures were performed as previously described by Iversen et al. (11) . Briefly, after intravenous induction of anesthesia, the animals were connected to a rodent ventilator (Model 874092, B. Braun, Melsungen, Germany).
A left sided thoracotomy was performed in the third intercostal space, and in MI mice the left coronary artery was ligated. Sham operated animals underwent the same procedure except ligation of the artery.
One week after primary surgery the animals were anesthetized before the hearts were Histological analysis. Hearts fixed in formalin were processed into paraffin wax. Six 4 m thick slices were cut along the short axis from the mid-ventricular level of each tissue sample. Slices were either stained with hematoxylin-eosin for morphology, or van Gieson or Masons' trichrome for identification of collagen. Tissue samples from 4 mice subjected to coronary artery ligation and 3 sham operated mice were evaluated.
Immunohistochemistry. The excised hearts were placed in ice-cold phosphate-buffered saline (PBS, pH 7.4), quickly embedded in Tissue-Tek TM O.C.T. compound (Sakura Finetek, Torrance, CA, USA) and frozen in dry ice-cooled isopropanol before storing at -70 C. Five m thick sections were cut using the Cryostat 1720 from Leitz, Wetzlar, Germany and collected on SuperFrost Plus slides (Menzel-Gläser, Braunschweig, Germany). Sections were fixed for 5 Northern blotting. Northern blotting was performed as described earlier (34) . In brief, mRNA extraction was carried out using Dynabeads Oligo (dT) 25 were used, and for syndecan-4 6 MI hearts and 6 sham hearts were used. For calculation of changes in percent, the mean value of the sham hearts was set equal to 100. Differential expression found in MI hearts was expressed as mean ± SEM % change compared to sham hearts.
Statistics. All appropriate data are presented as means ± SEM. Simple comparisons between groups used for Northern and Western blot analysis were made using the Mann-Whitney Rank
Sum Test based on raw data obtained by densitometry from the blots. 
RESULTS
Animal characteristics. Ligation of the left coronary artery resulted in a significant increase in lung weight (p<0.05), total heart weight (p<0.05) and heart weight/body weight ratio (p<0.05) compared to sham operated animals. Body weight was not significantly different between the groups ( Table 1) .
Histology Array analysis of gene expression. Out of a total of 1176, we found that 641 genes were expressed in our cDNA filter arrays. Twenty-three genes were according to the criterias described in the Methods section significantly upregulated in non-infarcted left ventricular myocardium compared to ventricular tissue from sham operated mice, and five genes were only expressed after MI.
Thirteen genes demonstrated decreased expression ( Table 2) .
As many as 43% of upregulated genes and 80% of induced genes could be related to the extracellular matrix. We found the expression of genes coding for fibronectin, fibrillin, Furthermore, we found FGF receptor 1 to be upregulated after MI. Its required co-receptor syndecan-3, one of a family of four transmembranous heparan sulphate proteoglycans, was also upregulated. Syndecan-1 and -2 showed a trend towards upregulation after MI, but the changes did not reach the level of significance according to our strict criteria for significant upregulation.
Syndecan-4 was not present on our filter array. Together with syndecan-3 we found a coordinate upregulation of WT1, which is known to be a transcriptional factor for syndecans. The WT-1 mRNA levels were determined using a probe for WT-1 which detects the KTS+/KTS+ splice variant. Densitometric analysis showed a 92 37 % (p<0.05) enhanced expression of WT-1 in MI hearts ( Figure 2G ).
Results for syndecan-3 were also in accordance with the array results, and showed a mean increase in expression of 45 16 % (p<0.05) in MI hearts ( Figure 2D ). Moreover, syndecan-1 and -4 both showed increased expression in MI hearts compared to sham hearts. As expected the syndecan-1 probe hybridized to two distinct bands, corresponding to 3.4 kb and 2.6 kb, resulting from processing at alternate polyadenylation sites (8). An increased expression of 90 61 % (p<0.05) and 160 28 % (p<0.05) for the two syndecan-1 bands respectively ( Figure 2H ), and 30 9 % (p<0.05) for syndecan-4 ( Figure 2E ), was calculated. The syndecan-2 probe identified three Figure 2C ).
Western blot analysis of protein levels. The protein levels of syndecan-3 and -4 were significantly increased in the non-infarcted region after MI (Figure 3 ). Immunoblot analysis for syndecan-4
showed a statistically significant increase of 64 % (p<0.05) in MI hearts as compared to sham controls. For syndecan-3 we found a 72 % increase (p<0.05).
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DISCUSSION
In this study, where we compared gene expression in non-infarcted left ventricular tissue from mice subjected to MI to that of sham operated mice, we observed increased expression of a number of genes associated with the extracellular matrix. One of these, BMP-1, is able to activate latent growth factors (40) and process procollagen into collagen (14) . In addition we have identified increased expression of a group of genes encoding interacting proteins, including all four members of the syndecan family, WT-1, FGF receptor 1, fibronectin and collagen 6A.
The cDNA filter array strategy provides an efficient means of simultaneously analyzing a large number of RNA transcripts. We have found that repeated array analysis, and stringent criteria for defining genes as differentially expressed are essential for any deduction based on array results. We were able to confirm all upregulated genes tested, by means of Northern blotting, indicating a high degree of reliability of our array and data analysis. (9) . In addition to this it is known that BMP-1 processes procollagen into collagen (14) and probiglycan into biglycan (27) . This means that BMP-1 potentially possesses a dual role which could make it important in the remodeling of the extracellular matrix following MI.
Osteopontin is an adhesive glycophosphoprotein which was first identified in bone tissue The expression of beta-1 integrin was also found to be induced in the non-infarcted region following MI in our study. It is known to be localized in costameres (43) Also the expression of fibrillin, a constituent of the extracellular matrix, was induced.
Fibrillins form the structural framework of an essential class of extracellular microfibrils that endow dynamic connective tissues with long-range elasticity (25) . Their importance is emphasized by the linkage of fibrillin mutations to Marfan syndrome and related connective tissue disorders that are associated with severe cardiovascular, ocular, and skeletal defects (24) .
Increased expression of the syndecan family following MI indicates a role for these transmembranous proteoglycans in the post-ischemic heart. The expression of syndecan-3 was significantly increased after MI on our arrays, and Northern blotting showed an upregulation of all four members of the family. Western blotting furthermore, showed a 64% increase in syndecan-3 and a 72% increase in syndecan-4 protein levels, which were found to be statistically significant.
We chose to measure the protein levels of syndecan-3 because of its relatively strong mRNA expression in cardiac tissue, and syndecan-4 because we consider it interesting in the context of myocardial remodelling, particularly since it is found in cardiomyocytes. The increases in the transmembranous proteins syndecan-3 and syndecan-4 were most likely higher in the membrane of syndecan producing cells, than measured in whole tissue. Such upregulation of the syndecans PG-00144-2002.R2 16 in the non-infarcted area after MI has not previously been reported. However, one study (19) showed that a rapid increase in syndecan-1 and -4 gene expression occurred in the ischemic region of the heart, and recently plasma levels of syndecan-4 were found to be elevated in patients with acute MI (16).
The mechanisms responsible for regulation of syndecan gene expression are not known in detail. However, it has been shown that factors secreted by inflammatory cells, such as tumor necrosis factor- (13) and PR-39 (6) , affect the expression of syndecans. Moreover, both monocytes and tissue-resident macrophages are known to express syndecan-1 (42) and -4 (41) core proteins. Presently, the relative contribution of inflammatory cells and other cells with regard to altered syndecan gene expression in the non-infarcted region is uncertain. However, in a study examining the peri-infarct region (19) , it was found that although infiltrating macrophages accounted for a substantial increase in syndecan-1 and -4 expression, increased expression was also noted in the levels of syndecan-1 mRNA in endothelial cells and syndecan-4 mRNA in cardiac myocytes.
All four syndecans are expressed in fibroblasts (15), while only syndecan-4 has so far been identified in cardiomyocytes (19) . The syndecans are implicated in several signal transduction cascades that regulate cell proliferation and they are also at the cross-section of mechanical signaling, interacting with molecules thought to be involved in mechanotransduction such as integrins (39) . A relatively moderate increase in syndecan expression has been shown to have biological effects on fibroblast migration (20) . Moreover, it has been reported that mice heterozygous for a disrupted syndecan-4 gene had statistically significant delayed wound healing and impaired angiogenesis in the granulation tissue compared with wild-type littermates (5) . These studies indicate that changes in syndecan expression observed in vivo have effects on biological processes related to those seen in the heart during post-ischemic remodeling. However, few studies have addressed this particular issue, and further work is needed to assess the role of the syndecans in the myocardium following myocardial infarction.
In conclusion, this study shows that there is an upregulation of a large number of extracellular matrix associated genes in the non-infarcted region following MI in the mouse, indicating the importance of remodeling of the extracellular matrix in the early phase after MI.
The observed upregulation of BMP-1 may have a particularly important role in this context, since it processes procollagen into collagen and activates latent growth factors. Moreover, we have Table 1 Total heart and lung weights in sham operated animals (Sham) and in animals one week after coronary artery ligation (MI). Table 2 Differentially 
